The honeybee (Apis mellifera) visual system contains three classes of retinal photoreceptor cells that are maximally sensitive to light at 440 nm (blue), 350 nm (ultraviolet), and 540 nm (green). We performed a PCR-based screen to identify the genes encoding the Apis blue-and ultraviolet (UV)-sensitive opsins. We obtained cDNAs that encode proteins having a high degree of sequence and structural similarity to other invertebrate and vertebrate visual pigments. The Apis blue opsin cDNA encodes a protein of 377 amino acids that is most closely related to other invertebrate visual pigments that are thought to be blue-sensitive. The UV opsin cDNA encodes a protein of 371 amino acids that is most closely related to the UV-sensitive Drosophila Rh3 and Rh4 opsins. To test whether these novel Apis opsin genes encode functional visual pigments and to determine their spectral properties, we expressed them in the R1-6 photoreceptor cells of blind ninaE mutant Drosophila, which lack the major opsin of the fly compound eye. We found that the expression of either the Apis blue-or UV-sensitive opsin in transgenic flies rescued the visual defect of ninaE mutants, indicating that both genes encode functional visual pigments. Spectral sensitivity measurements of these flies demonstrated that the blue and UV visual pigments are maximally sensitive to light at 439 and 353 nm, respectively. These maxima are in excellent agreement with those determined previously by single-cell recordings from Apis photoreceptor cells and provide definitive evidence that the genes described here encode visual pigments having blue and UV sensitivity.
The honeybee (Apis mellifera) visual system contains three classes of retinal photoreceptor cells that are maximally sensitive to light at 440 nm (blue), 350 nm (ultraviolet), and 540 nm (green). We performed a PCR-based screen to identify the genes encoding the Apis blue-and ultraviolet (UV)-sensitive opsins. We obtained cDNAs that encode proteins having a high degree of sequence and structural similarity to other invertebrate and vertebrate visual pigments. The Apis blue opsin cDNA encodes a protein of 377 amino acids that is most closely related to other invertebrate visual pigments that are thought to be blue-sensitive. The UV opsin cDNA encodes a protein of 371 amino acids that is most closely related to the UV-sensitive Drosophila Rh3 and Rh4 opsins. To test whether these novel Apis opsin genes encode functional visual pigments and to determine their spectral properties, we expressed them in the R1-6 photoreceptor cells of blind ninaE mutant Drosophila, which lack the major opsin of the fly compound eye. We found that the expression of either the Apis blue-or UV-sensitive opsin in transgenic flies rescued the visual defect of ninaE mutants, indicating that both genes encode functional visual pigments. Spectral sensitivity measurements of these flies demonstrated that the blue and UV visual pigments are maximally sensitive to light at 439 and 353 nm, respectively. These maxima are in excellent agreement with those determined previously by single-cell recordings from Apis photoreceptor cells and provide definitive evidence that the genes described here encode visual pigments having blue and UV sensitivity.
Key words: Apis mellifera; honeybee; visual pigment; spectral tuning; ultraviolet-sensitive opsin; blue-sensitive opsin; electroretinogram; protein expression; Drosophila melanogaster Color vision is one of the most familiar forms of stimulus discrimination. The ability of an organism to discriminate differences in wavelength distribution within the environment and to use this information to direct its behavior enables it to select food sources, avoid unsafe environments and predators, and identify conspecifics and potential mating partners. With the exception of the use of oil droplets or screening pigments in some photoreceptor cells, color vision is dependent on the expression of spectrally distinct visual pigments in different classes of photoreceptor cells (Jacobs, 1981; Hardie, 1985; Nathans et al., 1986a,b; Nathans, 1992) .
Rhodopsin is the light-sensitive visual pigment of the eye. It is composed of an opsin apoprotein and a Vitamin A-derived chromophore, usually 11-cis-retinal. The chromophore is covalently attached to a Lys residue in the seventh transmembrane domain of the opsin apoprotein by way of a Schiff's base linkage (Bownds, 1967; Wang et al., 1980) . The spectral sensitivity of rhodopsin is thought to result from specific interactions between the amino acid side chains of the transmembrane ␣-helices and the chromophore (Sakmar et al., 1989 (Sakmar et al., , 1991 Zhukovsky and Oprian, 1989; Nathans, 1990a,b; Neitz et al., 1991; Chan et al., 1992; Merbs and Nathans, 1992a,b) . Light absorption induces the isomerization of the 11-12 double bond of the retinal chromophore from the cis to the trans configuration. This leads to the formation of the active form metarhodopsin that directly couples to and activates the heterotrimeric G-protein transducin in vertebrates, or a G q in invertebrates, that ultimately generates a neural signal (for review, see Yarfitz and Hurley, 1994; Zuker, 1996) . The honeybee (Apis mellifera) has a highly developed trichromatic visual system and has been shown to use color discrimination while foraging on flowers and homing to the hive (for review, see Menzel and Muller, 1996) . The compound eye of the honeybee worker is composed of 5000 -6000 ommatidia or unit eyes, each of which contains nine photoreceptor cells (Skrzipek and Skrzipek, 1974; Waterman, 1981) . Intracellular recordings have demonstrated that the Apis retina contains three major classes of photoreceptor cells having maximal sensitivities at ϳ350, 440, and 540 nm (Menzel and Blakers, 1976; Menzel et al., 1986) . Recently the cDNA encoding the honeybee putative greensensitive visual pigment was cloned and characterized (Chang et al., 1996) . The spectral sensitivity of the gene product was inferred from its sequence similarity to other long-wavelength rhodopsins. Similarly, a putative bee UV opsin gene was recently identified (Bellingham et al., 1997) , although, as we will demonstrate below, this gene actually encodes the blue-sensitive bee opsin. Because honeybees have been extensively studied as a model system for insect color vision and are known to express visual pigments with unique spectral and photochemical properties (Bertrand et al., 1979; Muri and Jones, 1983; Menzel, 1989) , the cloning and characterization of the remaining opsin genes from this organism would contribute to our understanding of the relationship between visual pigment structure and spectral sensitivity, in an animal the behavior of which is well known.
MATERIALS AND METHODS
Cloning of the honeybee blue-and U V-sensitive opsin genes. Total RNA was isolated from Apis mellifera heads, using a Trizol preparation (Life Technologies, Gaithersburg, MD), and then converted to first strand cDNA (Superscript reverse transcriptase; Life Technologies). Opsin-like sequences were amplified by PCR using degenerate primers directed against conserved regions of invertebrate visual pigments, as described previously (Chang et al., 1996) . PCR products were directly cloned into the PCR II vector (Invitrogen, San Diego, CA), and inserts of the appropriate size were sequenced (Chang et al., 1996) . Inserts from clones that showed a high similarity at the amino acid level to previously cloned invertebrate opsins were used as probes to perform an initial screen of 500,000 clones of a bee eye cDNA library in the gt22A vector (Stratagene, La Jolla, CA). Hybridization with a random-primed probe (Amersham, Arlington Heights, IL) was performed at 55 or 60°C overnight in hybridization buffer (Church and Gilbert, 1984) . The filters were washed twice rapidly at room temperature in 6ϫ SSC and 0.1% SDS, followed by two 10 min washes at 55 or 60°C with the same buffer. To purif y positive plaques, we performed additional screens using the same probe and conditions. The sizes of the cDNA inserts were determined by PCR with the gt11 forward and reverse primers using phage eluted from single plugs in suspension media (50 mM Tris-HC l, pH 7.5, 100 mM NaC l, 20 mM MgC l 2 , and 0.01% gelatin) as the template. Phage DNA was purified from 50 ml of culture (Qiagen, Hilden, Germany), and the cDNAs were subcloned into pBluescript II K S(Ϫ) (Stratagene). cDNAs were f ully sequenced twice on both strands using the dideoxy chain-termination technique (Sequenase-Amersham).
Northern anal ysis. For each sample, 5 g of poly(A ϩ ) RNA was fractionated in an agarose formaldehyde gel. The gel was transferred to a nylon membrane and treated as described previously (Chou et al., 1996) . The f ull-length blue and UV opsin cDNAs were used as probes, and the filters were also probed with a 460 bp BclI mitochondrial DNA (mtDNA) fragment of the cytochrome oxidase subunit I gene as a loading control (Crozier et al., 1989) . The membranes were exposed to film or analyzed with a Molecular Dynamics 425S PhosphorImager (Sunny vale, CA) .
Ectopic e xpression of the honeybee blue and U V opsins. For the ectopic expression of the honeybee visual pigments in the R1-6 photoreceptor cells of the Drosophila retina, the Apis cDNAs were cloned into an expression cassette containing the Drosophila ninaE promoter and 3Ј-untranslated sequences. Specifically, the expression cassette contained 2.5 kb of promoter sequences, 33 bp of the 5Ј-untranslated region, a short polylinker, and 650 bp from the 3Ј-end that includes the ninaE polyadenylation signal (Zuker et al., 1985) . For the expression of the honeybee blue opsin, a 1.3 kb SspI to EcoR V fragment containing the complete open reading frame was inserted into the expression cassette. For the honeybee UV opsin, a 1.1 kb EcoR V to NotI (introduced by PCR) fragment containing the complete open reading frame and 46 bp 3Ј to the stop codon was inserted into the expression cassette. In both cases the endogenous Apis polyadenylation signals were deleted. The structures of the constructs were confirmed by restriction endonuclease analysis, and the nucleotide sequence of the fragment junctions and any regions derived from PCR were also confirmed.
The blue and UV opsin gene expression constructs were subcloned into the SacI and XhoI sites of the y ϩ -marked P-element vector "C4" and were injected into y w; sr ninaE 17 mutant embryos, as described previously (Chou et al., 1996) . Multiple independent P-element-mediated germline transformants were obtained using standard techniques (Karess and Rubin, 1984 (Lindsley and Z imm, 1992; FlyBase, 1997) .
Electrophysiolog y. Electroretinogram recordings were performed on immobilized white-eyed (w) flies, using electrodes filled with normal saline (0.9% NaC l, w/ v) as described previously (Chou et al., 1996) . Interference bandpass filters were used to select specific wavelength ranges for light stimulation [Oriel Corporation, Stratford, C T; filter 53400 (350 nm), 53815 (430 nm), and 53845 (470 nm)]. Light intensity was measured for different combinations of bandpass and neutral density filters using a calibrated silicon photodiode (EG&G Gamma Scientific, San Diego, CA; model 550).
Spectral sensitivity measurements were performed using the voltageclamp method of Franceschini (Franceschini, 1979 (Franceschini, , 1984 . We used a modification of a spectral scanning instrument developed by K irschfeld and Feiler (described in K irschfeld et al., 1988) in which the area of the ERG signal was "clamped" to a criterion response by adjusting the light intensity, while the wavelength of stimulating light was varied. The fly was completely immobilized in a humidified chamber that was optically and electrically isolated. The electroretinogram in response to a flickering stimulus (10 Hz) was recorded with electrodes placed at the surface of both eyes. The fly was positioned so that only one eye received the light stimulus. The placement of the ground electrode on the opposing (unstimulated) eye served to round the electrical response, producing a signal that lacked on and off transients. The light source was a 75 W xenon arc lamp with a stabilized DC power supply (Leitz / Leica, Wetzlar/ Nussloch, Germany). The intensity of the stimulating light was varied by positioning (incrementally rotating) a quartz neutral density (radial) wedge filter [optical density (OD), 0 -3] in the stimulating-beam path. The optical density of the filter (at the multiple wavelengths tested) was linear with respect to position, and these calibration data were used to determine the attenuation factor.
During an experiment, as the monochromator (an Oriel 1/4 meter V IS-N IR; model 77202 with 77233 grating having 1200 lines/mm) was stepped through a scan, a computer program integrated the area of the ERG response to three pulses of light (during 0.3 sec), compared this with a setpoint, and adjusted the position of the neutral density filter to compensate for the error. A set point was selected that would allow a scan to be performed within the linear range of the neutral density wheel and that was at sufficiently low light intensity that the response of the fly was ϳ5 mV. This allowed the usage of light levels that were well above threshold but below the level of adaptation. Measurements were started by scanning from 300 to 600 nm, pausing briefly to allow the computer to reestablish the setpoint, and then returning to 300 nm, using a scan rate of 0.5-1 nm /sec. During operation, the setpoint was maintained using a proportionalintegral-derivative (PI D) algorithm (Corripio, 1990) . The value of the setpoint, proportional, integral, and derivative bands were determined empirically and adjusted to produce reproducible forward and reverse scans, with a minimum of hysteresis. The area of the ERG response, the wavelength of light, and the position of the neutral density filter were captured on-line. The instrument was controlled, and data were acquired, by a Power Macintosh computer (Apple Computer, Inc., Cupertino, CA) equipped with a National Instruments (Austin, TX) PCI-M IO-16X E-50 multi-f unction input /output board running LabView software.
Spectral sensitivity (SS) was defined as the reciprocal of the photon flux required to produce a criterion response (maintain the setpoint), taking into account the intensity and wavelength of simulating light [i.e., SS ϰ 1/(light intensity ϫ wavelength)]. Sensitivity data were normalized to a relative sensitivity of 1.0 at the wavelength of maximal sensitivity. The intensity of the stimulating light at each wavelength was calculated based on a reference scan of the lamp, using a calibrated silicon photodiode (EG&G Gamma Scientific; model 550) attenuated by the optical density of the neutral density wheel at the specific position used during an individual scan. The monochromator was calibrated using an Oriel 6025 Hg (Ar) calibration lamp with spectral lines at 312. 6, 365.0, 404.7, 435.8, 546.7, 577 .0, and 579.1 nm. Monochromator error was within the level of resolution of the instrument, over the wavelength range from 300 to 600 nm (Ϯ 1.0 nm at a slit width of 280 m).
RESULTS

Isolation of two novel Apis opsin genes
To isolate novel opsin genes from the honeybee Apis mellifera, we performed a reverse transcription-PCR (RT-PCR) screen of Apis head first-strand cDNA using degenerate oligonucleotide primers recognizing conserved regions of the known invertebrate opsins. Sequencing of these amplified transcripts led to the identification of two products that had a high degree of sequence similarity to other invertebrate opsins. One of the products, a 606 bp fragment, was designated the bee blue opsin fragment, and the other, a 310 bp fragment, was designated the bee UV opsin fragment. These fragments were used to screen an Apis mellifera eye cDNA library at moderate stringency to obtain f ull-length cDNA clones. Nine positive plaques that strongly hybridized to the bee blue probe and thirty-one positive plaques that hybridized to the bee UV probe were identified and purified. The three longest clones for each opsin were subcloned, and their 3Ј-and 5Ј-ends were sequenced. One blue opsin cDNA (blue 1-1a) and one UV opsin cDNA (UV 7-1) were completely characterized.
The nucleotide and deduced amino acid sequences of the Apis mellifera blue-and UV-sensitive opsins are shown in Figure 1 , left and right, respectively. The cloned cDNAs for the bee blue and UV opsins are 1757 and 1448 bp in length, respectively. Both cDNAs contain a single major open reading frame that encodes a protein of 377 amino acids [molecular weight (MW) ϭ 43 kDa] or 371 amino acids (M ϭ 41 kDa) for the blue and UV opsins, respectively. The putative translation initiation sequence at the first Met for each gene differs from the CC(A /G)CCAUGG consensus but maintains a CG at Ϫ4 and Ϫ3 nucleotides from the AUG for the UV opsin and maintains a CCG from Ϫ5 to Ϫ3 nucleotides for the blue opsin gene (Kozak, 1991) . The blue opsin cDNA contained 377 bp of 5Ј-untranslated region with an inframe stop codon 48 bp 5Ј to the first AUG and 236 bp of 3Ј-untranslated sequence. The 5Ј-and 3Ј-untranslated regions of the UV cDNA were 36 and 280 bp long, respectively. There were no in-or out-of-frame stop codons in the 5Ј-untranslated region of the UV cDNA, and no additional 5Ј-sequence was obtained for this gene using 5Ј-R ACE (data not shown). The bee blue and UV opsin genes are transcribed as 2.2 and 1.7 kb mRNAs, respectively (Fig. 2) . These transcripts are present in the heads but not in the bodies of Apis adults, as would be expected for the expression pattern of a visual pigment.
Similarity between the blue-and UV-sensitive honeybee opsins and other invertebrate visual pigments
Comparison of the deduced amino acid sequences of these clones demonstrated that they have a high degree of sequence similarity to previously identified invertebrate opsins. In addition, a search of the databases revealed that the gene that we have designated as the bee blue opsin was recently identified independently by another group as the UV-sensitive visual pigment (Bellingham et al., 1997 ; GenBank accession number U70841). The gene that we have cloned contains an additional 137 bp of 5Ј-untranslated region and is ϳ99% identical to the previously cloned gene at the nucleotide level. The nucleotide differences (based on our numbering scheme) between our sequence and the recently reported one are 218 C / T, 398 T/C, 505 A /G, 722 C /A, 1052 C/T, 1070 T/A, 1226 A /G, 1298 T/C, and 1598 T/C. These sequence differences may result from PCR errors, sequencing errors, or polymorphisms between the honeybee populations of the United Kingdom and the United States. Only one of these differences (505 A/G) results in an amino acid substitution (43 His/Arg). In addition, four bases (nucleotides 1623-1626) are absent from the 3Ј-untranslated region of the previously cloned gene.
Amino acid sequence comparison (Higgins and Sharp, 1989 ) and alignment of the bee blue and UV opsins revealed that they are closely related to other known arthropod opsins and are most similar to those pigments thought to have similar spectral sensitivities. The bee blue opsin is 59% similar to the locust 2 opsin (Towner et al., 1997) , 48% similar to D. melanogaster Rh5 (Chou et al., 1996; Papatsenko et al., 1997) , and only 32% similar to either the bee long-wavelength opsin (Chang et al., 1996) or the recently cloned D. melanogaster Rh6 opsin (Huber et al., 1997) . As shown in the phylogenetic tree in Figure 3 (see figure legend for methods), the members of this group of "blue"-sensitive pigments are more closely related to each other than they are to the next most closely related group of pigments, the UV-sensitive opsins. Although there is some evidence based on the expression pattern of the Drosophila Rh5 opsin and physiological analyses of larger flies (Calliphora and Musca) that Rh5 encodes a visual pigment having a maximal sensitivity near 440 nm (Smola and Meffert, 1979; Hardie and Kirschfeld, 1983; Chou et al., 1996; Papatsenko et al., 1997) , none of the cloned blue-sensitive visual pigments have been expressed and directly characterized.
The bee UV opsin falls into a second group of visual pigments in the phylogenetic tree (Fig. 3) . It is most closely related to the Drosophila UV-sensitive opsins and is 64 and 55% similar to D. melanogaster Rh3 (Fryxell and Meyerowitz, 1987; Zuker et al., 1987) and Rh4 , respectively, but only 35% similar to the bee putative long-wavelength opsin (Chang et al., 1996) . Thus, as a close relative to the Drosophila pigments that have been physiologically characterized and shown to encode UV-sensitive pigments (Feiler et al., 1992) , the bee UV opsin is also likely to encode a UV-sensitive visual pigment. It must be noted, however, that single amino acid changes between various opsins have been shown to have dramatic effects on both their spectral sensitivity and function (Sakmar et al., 1989; Zhukovsky and Oprian, 1989; Nathans, 1990b; Imai et al., 1997) .
In addition to the global similarities between the Apis blue and UV opsins and other invertebrate visual pigments, these two proteins have distinct structural features and conserved amino acids that are characteristic of invertebrate visual pigments and opsins in general. Hydropathy analysis of the two opsins indicated the presence of seven hydrophobic regions (data not shown) that are capable of forming ␣-helical transmembrane domains with an extracellular N terminal and cytoplasmic C terminal (noted in Figs. 1, 4) (Kyte and Doolittle, 1982; Baldwin, 1993; Schertler et al., 1993) . Both opsins contain a Lys in the seventh transmembrane domain (Lys 326 for the blue rhodopsin and Lys 318 for the UV rhodopsin) that is strictly conserved in all opsins. Studies in bovine rhodopsin have shown that this Lys is the site of attachment of the retinal chromophore to the apoprotein via a Schiff's base linkage (Bownds, 1967; Wang et al., 1980) . Vertebrate opsins (site 113 in bovine rhodopsin) have a conserved Glu found in helix III that serves as a counterion to the protonated Schiff's base (Sakmar et al., 1989; Zhukovsky and Oprian, 1989; Nathans, 1990b) . The corresponding position in the Apis blue opsin is occupied by a Tyr residue (Tyr 132 ) and in the UV opsin by a Phe (Phe 124 ). Interestingly, both of the UV pigments that have been functionally expressed and characterized (Drosophila Rh3 and Rh4; see Fig. 4 for site) have a Phe at this position (as does the Apis UV), whereas the visible-sensitive opsins that have been similarly characterized (Drosophila Rh1 and Rh2, amino acids (Kyte and Doolittle, 1982) . The stop codons in the 5Ј-untranslated region and the putative polyadenylation signals upstream of the polymeric dA tract in the 3Ј-untranslated region are also underlined (thick lines). The blue opsin cDNA contains four putative polyadenylation signals beginning at nucleotides 1627, 1634, 1714, and 1726. The AUUAAA polyadenylation signal is the most common variant of the AAUAAA polyadenylation signal (Swimmer and Shenk, 1985) . 133 and 126, respectively) have a T yr at this position (as does the Apis blue and green, locust 2, and Drosophila Rh5; see Fig. 4 for site) (Feiler et al., , 1992 . By analogy with the vertebrate visual pigments, this suggests that the T yr at this position in the invertebrate visible-sensitive pigments may f unction as a "counter-ion-like" residue.
The Apis blue and UV opsins also contain two conserved C ys (C ys 129 and C ys 206 for the blue and C ys 120 and C ys 197 for the UV opsin) that have been shown to form an essential disulfide bond in bovine rhodopsin (Karnik et al., 1988; Karnik and K horana, 1990 ). The C terminals of the blue and UV opsins contain a cluster of Thr and Ser residues that are likely to serve as sites for phosphorylation by rhodopsin kinase (Ohguro et al., 1996) . The Apis blue and UV opsins also contain potential glycosylation sites at Asn 5 and Asn 3 for the blue and UV pigments, respectively. The related fly visual pigments Calliphora Rh1 and Drosophila Rh1 are both transiently N-glycosylated during processing and transport to the rhabdomere (Huber et al., 1990; Colley et al., 1991) . A mutation in the consensus site for glycosylation (N-X-S/ T) at Asn 20 in the Drosophila Rh1 opsin interferes with visual pigment maturation (O'Tousa, 1992) . In addition, the first cytoplasmic loop of both the Apis blue-and UV-sensitive opsins contains a stretch of highly conserved amino acids (K SLRTPSN), two of which (Leu and Asn, within this sequence) have been shown to be crucial for the maturation of the Rh1 rhodopsin in Drosophila .
Heterologous expression of the Apis opsin genes in the R1-6 photoreceptor cells of Drosophila
To demonstrate that the Apis blue and UV opsin genes encode functional visual pigments, we expressed these opsins in the R1-6 photoreceptor cells of Drosophila under the control of the ninaE opsin gene promoter. The R1-6 photoreceptor cells are a suitable environment for the expression of novel opsins because they dominate the physiological and photochemical properties of the compound eye and mediate most behavioral responses that are dependent on visual input (Heisenberg and Wolf, 1984) . The expression of opsin genes in these cells has proven to be a powerful experimental system for studying the spectral and physiological properties of novel or modified opsin genes in vivo (Feiler et al., , 1992 Britt et al., 1993) . In recent experiments, we have also found this system to be useful in the heterologous expression and characterization of other invertebrate opsins (E. Salcedo and S. G. Britt, unpublished observations). We expressed the honeybee opsins in the R1-6 photoreceptor cells of a mutant strain of flies (ninaE) in which the gene encoding the opsin normally expressed in these cells has been deleted. Thus, in the transgenic animals, the only opsin expressed in the R1-6 photoreceptor cells is the one encoded by the transgene. In the absence of suitable in vitro expression systems for the expression of invertebrate visual pigments, the construction and characterization of transgenic flies represent the only available method to examine directly the biological activity of the newly cloned genes.
To test whether the honeybee opsins are functional when expressed in the fly retina, we examined the electroretinogram of control and transgenic flies. The electroretinogram is an extracellular recording technique used to measure the summed lightinduced electrical response of the eye. White-eyed flies were used in these experiments, because removal of the red pigments of the eye dramatically increases their light sensitivity. As shown in Figure 5 (top row of traces), white-eyed flies (w) respond to a flash of light at each of the tested wavelengths with hyperpolarizing "on" and depolarizing "off" transients, at the onset and cessation of the stimulus, respectively. The on transients of the electroretinogram have been shown to be of laminar origin and are induced only after activation of the R1-6 photoreceptor cells (Heisenberg, 1971; Heisenberg and Wolf, 1984) . The white-eyed control flies also have a large depolarizing potential derived from these photoreceptors that is maintained for the duration of the stimulus. The w; ninaE host strain (Fig. 5, second row of traces) has no rhodopsin in the R1-6 photoreceptor cells and therefore does not display on transients in response to light. These flies also display significantly reduced signal amplitudes, the small remaining signal being derived from the R7 and R8 cells that are unaffected by the ninaE mutation (Johnson and Pak, 1986) . Transgenic flies expressing the honeybee blue opsin in the R1-6 photoreceptor cells (w; ninaE; P[Rh1 ϩ Bee Blue]) display a robust response to light at each of the tested wavelengths, with normal on and off transients and a maintained depolarization with a large amplitude (Fig. 5, third row of traces) . Transgenic flies expressing the honeybee UV opsin in the R1-6 photoreceptor cells (w; ninaE; P[Rh1 ϩ Bee UV]) display a normal response to UV light at 350 nm, with on and off transients and a maintained depolarization with a large amplitude (Fig. 5, fourth row of traces) ; however these animals are insensitive to light at the other two wavelengths. The ability of both honeybee opsin genes to restore the light response of the ninaE host strain at appropriate wavelengths indicates that they encode functional opsins that are fully active Figure 2 . Expression of the Apis blue-and UV-sensitive opsin genes. Northern analysis using the Apis blue 1-1A and UV 7-1 cDNAs as probes revealed that the genes are transcribed as 2.2 and 1.7 kb mRNAs, respectively. These transcripts were present in the heads ( H ) but not in the bodies ( B) of adult bees. The lower box shows the same filter probed with a 460 bp fragment of the honeybee cytochrome C oxidase subunit 1 gene and demonstrates that mRNA is present in the samples prepared from both bee heads and bodies. The size of the polycistronic transcript that contains the control probe sequence is 1.9 kb. Size markers in kb are shown on the left.
biologically and capable of coupling to the downstream components of the phototransduction cascade within the Drosophila R1-6 photoreceptor cells.
Sequences within the second and third intracellular domains of bovine rhodopsin have been shown to be required for G-protein activation (Franke et al., 1988 (Franke et al., , 1990 (Franke et al., , 1992 . The Apis blue and UV opsins contain a DRY sequence at the junction of helix III and the second intracellular loop that is very similar to the ERY sequence found in bovine rhodopsin. This sequence contains a charged pair that is required for transducin activation (Franke et al., 1990 (Franke et al., , 1992 . Although dissimilar from the vertebrate opsins, the sequence QAKKMNV found in the N-terminal half of cytoplasmic loop 3 is very highly conserved among the invertebrate opsins and is located within a region of the protein that in bovine rhodopsin is also required for transducin activation (Franke et al., 1988 (Franke et al., , 1990 (Franke et al., , 1992 . Given that bovine rhodopsin activates transducin, a G-protein family member that activates cGMP phosphodiesterase, whereas flies and honeybees are both thought to use a G q family member that activates phospholipase C, it seems likely that vertebrate and invertebrate sequence differences in these regions may mediate the specificity of G-protein activation (Yarfitz and Hurley, 1994; Zuker, 1996) .
Spectral sensitivity analyses of transgenic Drosophila expressing the Apis blue and UV opsin genes
To examine in detail the spectral sensitivity of the Apis opsins expressed in the Drosophila retina, we measured the relative sensitivity of these animals to light from 300 to 600 nm using the voltage-clamp technique of Franceschini (Franceschini, 1979 (Franceschini, , 1984 . As shown in the upper panel of Figure 6 , white-eyed Drosophila have a spectral sensitivity that is characterized by a dual peak of sensitivity. The peak of sensitivity in the visible region with a maximum at 479 nm is attributable to the activation of the Rh1 rhodopsin in the R1-6 photoreceptor cells Britt et al., 1993) . The peak of sensitivity in the UV region with a maximum at 352 nm reflects the activation of a sensitizing pigment that absorbs light in the UV and is thought to transfer this energy to and activate the Rh1 rhodopsin (Burkhardt, 1962; Kirschfeld and Franceschini, 1977; Stark et al., 1977; Minke and Kirschfeld, 1979) . Examination of the ninaE mutant host strain by this method does not yield a reproducible sensitivity profile, because the light response of the mutant strain is too low to consistently meet the criterion of the recording paradigm (see Materials and Methods).
Examination of the flies expressing the Apis blue opsin in the Drosophila R1-6 cells revealed that these animals have a pronounced peak of sensitivity in the blue region with a maximum at 439 nm (Fig. 6, middle panel ) . In addition, these animals show an additional peak of sensitivity in the UV region with a maximum sensitivity at 351 nm. This second peak of sensitivity could potentially arise from the coupling of the sensitizing pigment found in the Drosophila R1-6 photoreceptor cells to the Apis blue-sensitive opsin. These results are consistent with the single flash data shown in Figure 5 , in which the transgenic flies expressing the Apis blue opsin gene are sensitive to both visible and UV Figure 3 . Phylogenetic relationships between the Apis blue-and UVsensitive opsins and other known visual pigments. The Apis blue-and UV-sensitive opsins fall into two different groups that are thought to be sensitive to blue and UV light, respectively. The blue-sensitive group includes the recently identified Locust 2 and Drosophila R h5, whereas the UV-sensitive group includes the known UV-sensitive Drosophila R h3 and Rh4 pigments. The relative position of the putative Apis green-sensitive opsin is indicated with an arrow. This tree highlights that, although these pigments have been identified in highly divergent species, they are nonetheless most closely related to visual pigments from other organisms believed to have similar spectral properties. Amino acid sequences were aligned using the program C lustalW (Thompson et al., 1994) . The regions of the alignment corresponding to amino acids 27-361 of the bee blue and amino acids 18 -353 of the bee UV opsin were used for the analysis. Thirty-four residues of the alignment at the N terminal and 141 residues at the C terminal (including the Pro-rich repeats in the cephalopod opsins) were excluded from the analysis because of possible alignment ambiguities arising from substantial differences in sequence length (although including the terminals in the phylogenetic analysis did not significantly alter tree topology). T wo types of phylogenetic analysis were used: maximum parsimony (Swofford, 1991) and neighbor-joining (Saitou and Nei, 1987) . Both were performed using PAUP* 4.0 running on a Power personal computer (test versions kindly provided by D. L. Swofford). Robustness of the results was assessed using bootstrap analysis (Felsenstein, 1985) . One hundred bootstrap replications, with five random additions each, were done using unweighted parsimony. One hundred bootstrap replications were done using neighbor-joining, with treebisection reconnection branch swapping to ensure finding the shortest tree. The results of these two analyses were in agreement, although levels of support for particular nodes differed. The tree was rooted using vertebrate opsin sequences (data not shown). Nodes with bootstrap values below 65 for both analyses were collapsed. Bootstrap values are shown above each node (parsimony/neighbor-joining). Abbreviations and GenBank accession numbers for the sequences used in the construction of the tree are as follows: Apis mellifera (Bee blue, AF004168; Bee U V, AF004169; Bee green, U26026); Camponotus abdominalis (Ant 1, U32502); Cataglyphis bombycina (Ant 2, U32501); Drosophila melanogaster (Dm Rh1, P06002; Dm Rh2, P08099; Dm R h3, P04950; Dm R h4, P29404; Dm Rh5, U67905; Dm Rh6, Z86118); Hemigrapsus sanguineus (Crab 1, D50583; Crab 2, D50584); Limulus pol yphemus (lateral eye opsin Horse- light in much the same way as white-eyed control flies that express the Rh1 opsin. The lower panel of Figure 6 shows the spectral sensitivity profile of transgenic flies expressing the Apis UV opsin. These animals show a very dramatic single peak of spectral sensitivity in the UV region with a maximum sensitivity at 353 nm. In the absence of any appreciable sensitivity in any other region of the spectrum, these results seem to indicate that this gene encodes the UV-sensitive pigment of the honeybee. However, because the sensitivity peak is in the same region of the spectrum as the sensitivity attributable to the sensitizing pigment, it is possible that some component of this peak may be caused by the coupling of the opsin to the sensitizing pigment, in a manner Figure 3 . The pigments thought to be blue-sensitive include Drosophila R h5 and Locust 2, whereas the UV-sensitive opsins include Drosophila Rh3 and Rh4. The putative Apis green opsin is indicated on the lower line for comparison. Consensus amino acids are black ened. The potential transmembrane segments are indicated with brack ets over the sequences. Highly conserved amino acids are indicated with an asterisk and are discussed in the Results. These include the Lys in TM 7 and a pair of C ys at the beginning of TM 3 and between TM 4 and TM 5. The residue corresponding to the vertebrate counterion (T yr in the blue and green pigments vs Phe in the UV pigments) in TM 3 is also indicated. similar to that observed for Drosophila Rh1 and the honeybee Blue opsins. Future analysis of these transgenic animals by microspectrophotometry could potentially resolve this issue by examining the absorption of the pigment directly.
DISCUSSION
In this paper, we have described the isolation and characterization of two novel opsin genes from the honeybee Apis mellifera. We have shown that the genes encode f unctional opsins that are closely related to the visual pigments of Drosophila and other invertebrates. Both genes fall into structurally related groups of visual pigments that we and others have shown encode either blue-or UV-sensitive opsins. We have also shown that the Apis blue-and UV-sensitive opsins are biologically active when expressed in the R1-6 photoreceptor cells of blind ninaE flies and are capable of restoring the light response of these mutant animals. Detailed physiological analysis has revealed that flies expressing the Apis Blue or UV opsins are indeed most sensitive to light at 439 and 353 nm, respectively.
The analysis of color vision in insects has had a long and rich history (Frisch, 1967; Seeley, 1985) . Detailed morphological stud- show a normal depolarization and transients in response to UV stimulation. The amplitudes of the ERG response are not comparable between different strains because of differences in expression levels of the transgenes, nor are they comparable at different wavelengths because of differences in stimulus intensity. For most recordings, light intensity was attenuated 3 OD, resulting in intensities of ϳ0.22, 1.3, and 2.7 W/cm 2 at 350, 430, and 470 nm, respectively. With the exception of the response from w flies (which was recorded at 3 OD as indicated above), all of the responses at 350 nm were recorded with a light intensity attenuated 1 OD, corresponding to a light intensity of 21 W/cm 2 . Figure 6 . Spectral sensitivity recordings of flies expressing the Apis blueand UV-sensitive opsins. Top, The spectral sensitivity profile of a whiteeyed fly (w 1118 ) that expresses Drosophila Rh1 in the R1-6 photoreceptor cells. These animals display a dual peak of sensitivity. The peak in the UV is attributable to the effect of a sensitizing pigment that absorbs in the UV and transfers the energy of the photon to the Rh1 rhodopsin to activate it. There is also a prominent peak of sensitivity in the blue region with a maximum at 479 nm. Middle, The spectral sensitivity profile of flies expressing the Apis blue-sensitive opsin in a genetic background in which the endogenous opsin expressed in the R1-6 photoreceptor cells has been deleted (w
1118
; ninaE 17 P[Rh1 ϩ Bee Blue]). Much like the white-eyed control animals, flies expressing the Apis blue-sensitive opsin have a dual peak of sensitivity, which we believe results from the coupling of the Apis blue opsin to the UV-sensitizing pigment in a manner similar to that of Rh1. The principal peak of sensitivity is in the blue region with a maximum at 439 nm. Lower, The spectral sensitivity profile of flies expressing the Apis UV-sensitive opsin (w
; ninaE 17 P[Rh1 ϩ Bee UV]). These flies have a single peak of sensitivity in the UV region with a maximum at 353 nm. The spectral sensitivity of the ninaE host strain is not detectable by these methods, because the response levels (as shown in Fig. 5) are not large enough to meet the criterion of the recording paradigm. These results are in excellent agreement with published intracellular recordings of the Apis blue-and UV-sensitive photoreceptors (Menzel et al., 1986) and provide conclusive evidence that the cloned genes encode biologically active visual pigments having the indicated spectral properties.
ies of the insect retina have been performed in many different species, which have been complemented by comparative physiological analyses (Menzel, 1979; White, 1985; Menzel et al., 1986; Peitsch et al., 1992) . Because honeybees have been shown to use color vision in behavioral assays, the visual system of this organism has been studied extensively and serves as a useful model system (Frisch, 1967; Seeley, 1985) . Work on this organism in many ways complements the elegant molecular and genetic studies that have been performed in Drosophila (Zuker, 1996) .
As mentioned in the introductory remarks, the compound eye of the honeybee worker is composed of ϳ5000 -6000 ommatidia, each of which contains nine photoreceptor cells (Skrzipek and Skrzipek, 1974; Waterman, 1981) . Over much of the eye, it is generally agreed that the R1, R5, and R9 photoreceptor cells are maximally sensitive to ultraviolet light (near 350 nm). The R3 and R7 cells seem to be sensitive to green light (near 540 nm), whereas the sensitivities of the R2, R6, R4, and R8 cells have not been identified unequivocally; they may be blue-and greensensitive cells (some blue and some green) or only blue-or only green-sensitive cells depending on their location within the eye (Gribakin, 1969 (Gribakin, , 1972 Menzel and Blakers, 1976; Waterman, 1981) . The rhabdomeres, the light-sensitive organelles, of the nine photoreceptor cells are f used together. The photoreceptors within an ommatidium twist around each other in either a clockwise or counterclockwise direction (Wehner et al., 1975; Meyer, 1984) . As mentioned above, there may be some regional specialization within the eye, but only the polarization-sensitive photoreceptors along the dorsal region of the eye have been identified conclusively (Labhart, 1980) . In addition, the bee eye is highly sexually dimorphic. The eye of Apis drones (male) are approximately twice as large (10,000 ommatidia) and have f urther organizational differences (Perrelet, 1970; Bertrand et al., 1979; Muri and Jones, 1983; Menzel et al., 1991) . In f uture studies, the expression patterns of the three known Apis opsin genes can be examined to determine their spatial organization and variability. Such analyses may provide some insight into the basis for complex visually directed behavior patterns in this and other species (e.g., Bernard and Remington, 1991) .
An additional motivation for undertaking the experiments described in this paper was to enlarge our knowledge of both the number and diversity of visual pigments that have been characterized f unctionally as well as at the molecular level. The lack of a suitable expression system for the characterization of invertebrate opsin genes has dramatically diminished the impact of the available sequence data. Beyond the novelty of making a "fly see like a bee," our intention was to determine the spectral sensitivity of the new opsins by rigorous physiological methods to improve our understanding of the relationship between opsin structure and the regulation of spectral sensitivity. Indeed, the honeybee blue opsin that we describe here was recently isolated independently by another group who described it as a UV-sensitive pigment based on sequence similarity with the Drosophila Rh3 and Rh4 UV-sensitive opsins (Bellingham et al., 1997) . This paper demonstrates the feasibility of characterizing the spectral sensitivity of invertebrate opsins in vivo, after their expression in Drosophila, and highlights the importance of directly measuring the spectral properties of novel pigments rather than inferring them from sequence similarity alone.
Our observation that the Apis visual pigments are completely functional and biologically active within the fly retina is somewhat surprising, given that the orders Diptera and Hymenoptera are thought to have diverged between 200 and 300 million years ago (Carpenter, 1992) . Nonetheless, by virtue of their physiological activity in fly photoreceptor cells, there must be sufficient primary sequence and structural conservation that these pigments are properly translated and processed and retain the sites necessary for their interaction with the fly G-protein (G ␣q ) (Zuker, 1996) . In addition, because the kinetics of the ERG waveform seem normal in the flies expressing the Apis opsin genes, it seems likely that the molecules involved in the inactivation of the light response in Drosophila photoreceptor cells, such as arrestin, are also able to interact with the Apis visual pigments.
Although these studies have clearly demonstrated the similarities between the Apis and Drosophila visual systems, one distinct difference is the chromophore used in each species. Honeybees use 11-cis-retinal as a chromophore, whereas 3-hydroxy-11-cisretinal is the chromophore in Drosophila (Tanimura et al., 1986; Smith and Goldsmith, 1990) . Presumably, 3-hydroxy-11-cis-retinal is incorporated into and functional within the bee opsins. There have been limited studies examining the effect of hydroxyl substitution on the chromophore ring; however, when bovine opsin was reconstituted with 3-hydroxy-retinal, a blue shift of 12 nm (from 500 to 488 nm) was noted by comparison with the native pigment (Gärtner et al., 1991) . Thus it seems likely that expression of the bee opsin genes in Drosophila yields a visual pigment that has spectral properties similar to the native Apis pigments.
Two major questions regarding the spectral tuning of visual pigments concern (1) the basis of the bathochromic or "red" shift that occurs after the binding of the chromophore to the opsin apoprotein and (2) the molecular basis for wavelength modulation. For the vertebrate pigments, the first question has primarily been answered by the identification of the counterion as Glu 113 in bovine rhodopsin (Sakmar et al., 1989; Zhukovsky and Oprian, 1989; Nathans, 1990b) . As discussed in the Results, the presence of a Tyr or Phe at this position in the visible-or UV-sensitive invertebrate pigments, respectively, suggests that a similar mechanism may be the basis for UV sensitivity. The functional characterization of a third cloned UV-sensitive pigment (the bee UV) serves to strengthen this argument. Regarding the issue of wavelength modulation of the visible-sensitive pigments, studies of the vertebrate visual pigments have also provided a framework for understanding and approaching this problem. The human red and green cone opsins are extremely closely related at a structural level and differ by only 15 amino acids but differ in maximal sensitivity by 35 nm. Interestingly, both genetic and site-directed mutagenesis experiments have shown that as many as seven amino acids are required to account for the full difference of spectral properties between these pigments (Neitz et al., 1991; Chan et al., 1992; Merbs and Nathans, 1992b; Asenjo et al., 1994) . Although some amino acids seem to be individually responsible for a large part of the spectral difference, others seem to play a more minor role. In addition, other sites have been identified that are thought to be responsible for differences between the red/ green-sensitive and blue-sensitive pigments and rhodopsin (Wang et al., 1993; Sun et al., 1997) . By contrast, analysis of more divergent invertebrate visual pigments, such as the Rh1 and Rh2 opsins of Drosophila, which differ at 117 amino acid positions and have over a 60 nm difference in spectral sensitivity, has yielded more complex results that suggest that some aspects of visual pigment sensitivity are regulated by multiple regions of the opsin protein that may interact together (Britt et al., 1993) .
The cloning, ectopic expression, and characterization of the honeybee visual pigments contribute significantly to our understanding of the visual pigments of invertebrates. Flies and bees use a group of visual pigments having spectral sensitivities clustered near the UV, blue, and green regions of the spectrum. Comparative analysis of opsin sequences can be used to identify residues associated with spectral sensitivity shifts (Chang et al., 1995) . These amino acid substitutions can now be tested for their ability to modulate the spectral properties of invertebrate visual pigments, after in vivo expression. Because the selection of food sources and mating partners and the defense of territory are dependent on color vision in most species (e.g., Bernard and Remington, 1991; Chittka et al., 1994) , this work provides a means to examine the f unctional and adaptive significance of visual pigments in invertebrates in the context of evolutionary history.
